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Abstract
Current astronomical observations are successfully explained by the present cosmological
paradigm based on the concordance model (Λ0CDM + Inflation). However, such a scenario is
composed of a heterogeneous mix of ingredients for describing the different stages of cosmologi-
cal evolution. Particularly, it does not give an unified explanation connecting the early and late
time accelerating inflationary regimes which are separated by many aeons. Other challenges to
the concordance model include: a singularity at early times or the emergence of the Universe from
the quantum gravity regime, the “graceful” exit from inflation to the standard radiation phase, as
well as, the coincidence and cosmological constant problems. We show here that a simple running
vacuum model or a time-dependent vacuum may provide insight to some of the above open ques-
tions (including a complete cosmic history), and also can explain the observed matter-antimatter
asymmetry just after the initial deflationary period.
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I. INTRODUCTION
The observed amount of antimatter is relatively small being usually explained by a
secondary production in high energy cosmic ray collisions or in catastrophic astrophysi-
cal events. In this way, one the oldest puzzles in cosmology can be put colloquially as “Why
is there more stuff than anti-stuff”; or more technically why is there more matter than anti-
matter; or even more specifically why are there more baryons than anti-baryons. This puzzle
occurs because the fundamental interactions of particle physics appear (at first glance) to be
symmetric with respect to how matter and anti-matter interact. Thus, the simply proposing
that the Universe started off with more matter than anti-matter is unsatisfying unless one
accepts the anthropic principle i.e. “if this were not the case then we would not be here to
think about this”.
In the late 1960s Andrei Sakharov gave some general requirements[1] for naturally gen-
erating a matter-antimatter asymmetry. The three conditions are: (i) Baryon number must
be violated by some of the fundamental interactions; (ii) The interactions must violate
C-symmetry and CP-symmetry; (iii) The interactions must operate for sometime out of
thermal equilibrium. This general recipe was very useful to implement different solutions to
the baryogenesis problem. However, it is now widely believed that such a prescription though
very natural does not need to be strictly adopted[2–4] so that many different approaches
have been suggested in the literature[5–10].
On the other hand, current astronomical observations are well described by the new
cosmological paradigm based on the concordance model (Λ0CDM + Inflation). Nevertheless,
in order to explain the different stages of the cosmic evolution: inflation, radiation, dark
matter and dark energy, the model is composed by a mixture of many different ingredients. In
particular, it does not provide a unified explanation connecting smoothly the early and late
time accelerating inflationary regimes which are separated by many aeons. Other challenges
to the concordance model include[11–14]: a singularity at early times or the emergence
of the Universe from the quantum gravity regime, the “graceful” exit from inflation, the
coincidence and cosmological constant problems 1.
1 There are also the so-called small scale puzzles, like the“missing satellite problem”, that is, the discrepancy
between the number of predicted subhalos in N-body simulations and the observed one, as well as, the
“Cusp/Core” and the “Angular-Momentum Catastrophe”. However, such problems are heavily dependent
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In this article, we investigate a class of nonsingular cosmological models describing the
early and late time cosmic evolution (complete cosmological history) which is also able to
generate the baryon asymmetry observed in the Universe. The models are powered by a
running vacuum cosmology (or time-dependent cosmological constant model) and start their
evolution from a deflationary Universe (de Sitter phase) and evolves to the current cosmic
concordance Λ0CDM cosmology.
II. RUNNING VACUUM COSMOLOGIES
Running vacuum cosmologies can be justified both phenomenologically and from first
principles based on quantum field theory (QFT) in curved spacetimes[16–20]. The vacuum
state of all existing fields can be represented by an energy-momentum tensor (EMT) which
reflects the Lorentz invariance of its energy density and pressure. By averaging over all
fields the minimally coupled EMT in general relativity reads 〈Tµν〉 = 〈ρ〉gµν . Transferring
the geometric cosmological constant λ to the r.h.s. of Einstein’s equations leads to an
effective cosmological “constant” term, Λ = λ + 〈ρ〉
M2
Pl
, where MP l = (8piG)
−1/2 ∼ 2.4 × 1018
GeV is the reduced Planck mass[11].
The field equations with this effective Λ can be written as:
Gµν = M−2Pl [ T
µν
(f) + ΛM
2
Plg
µν ] , (1)
where the energy-momentum tensor of the fluid is given by:
T µν(f) = (ρ+ p)u
µuν − pgµν , (2)
where ρ and p are the corresponding energy density and pressure.
Because the Einstein tensor is divergenceless (∇µGµν = 0), it is usually argued that the
effective vacuum energy density remains constant (i.e. ∇µΛ = ∂µΛ ≡ 0). However, such a
result holds only if the EMT of the cosmic fluid is always separately conserved (∇µT µν(f) = 0).
In reality, one finds that a running Λ can transfer energy to the cosmic fluid (T µν(f))
∇µGµν = 0 ⇒∇µ T µν(f) = −gµν∇µΛ , (3)
on the local astrophysical processes (see, for instance, Del Popolo et al.[15] and references there in for a
recent discussion).
3
and this exchange of energy between both components also implies that particles of the fluid
component can be produced from the decaying vacuum. For instance, in the flat Friedman-
Robertson-Walker geometry adopted here (c = 1):
ds2 = dt2 − a2(t)[dx2 + dy2 + dz2] , (4)
where a(t) is the scale factor, the energy conservation law for the total energy-momentum
tensor reads:
ρ˙+ 3H(ρ+ p) = −M2P lΛ˙ , (5)
where H = a˙/a is the Hubble parameter. The balance equation above shows that if Λ˙ < 0,
energy is transferred from the decaying vacuum to the fluid component. In addition, in
the case of an “adiabatic” decay, the comoving number of particles is also a function of the
cosmic time[21].
The assumption of a running vacuum energy density also seems physically more appealing
than the standard view of a fixed Λ-term. Due to the cosmological principle, the physical
quantities at the background level should depend only on time and the condition Λ˙ 6= 0,
means that the extremely low value currently observed for the vacuum energy density can be
theoretically accommodated. The present smallness of Λ0 ≡ Λ(t0) can be seen as a natural
consequence of the oldness of the Universe. Some consequences of this view has also an
observational support. Recent works have shown that a battery of tests including SNIa,
BAO, H(z), LSS, BBN, CMB based on running vacuum models provide a fit better than
the standard Λ0CDM cosmology[22, 23].
A basic question in running vacuum models is how does Λ vary as the Universe evolves?
Probably, the most successful path comes from QFT techniques based on the renormalization
group (RG) approach in curved spacetimes. The vacuum energy density ‘runs’ because the
effective action inherits quantum effects from the matter sector. Generically, RG techniques
in curved spacetimes lead to a dependence ρΛ(H) = M
2
P lΛ(H) defined by the relation[23–28]
dρΛ
d lnH2
=
1
16pi2
∑
i
[
aiM
2
i H
2 + biH
4 + ci
H6
M2i
+ ...
]
, (6)
where H is the Hubble parameter, ai, bi, ci are dimensionless coefficients and Mi are masses
of the fields in the model which are taken to be the GUT scale or smaller. The reason for
selecting even powers of H is because of the general covariance of the effective action of
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QFT in curved spacetimes. Integrating equation (6) leads to a power series of the running
vacuum Λ(H) = c0 + c2H
2 + c4H
4 + c6H
6 + ..., where c0 provides the dominant term at
very low energies when Λ(H0) = Λ0 and the other coefficients (c2, c4, c6...) are in terms of
ai, bi, ci,Mi,MP l. The H
2 term is natural from dimensional grounds, but it is observationally
very small because the observed Universe is Λ0CDM-like to great accuracy. The H
4 term
also arises from free fields in an earlier de Sitter stage[29–31]. The weakness of the above
RG approach in determining the running of the vacuum energy density is that there is no
way to fix the renormalization coefficients ai, bi, ci which in turn means that c2, c4, c6... are
also unfixed parameters. In essence one has parametrized the effect of the H2n terms, but
one does not really have a definite prediction. Despite this weakness of the RG in curved
spacetime approach to giving specific values for the renormalization coefficients one can
still be confident in the general form of the running of ρΛ as an expansion in powers of H ,
which is supported by the effective field theory approach to gravity as discussed long ago by
Donoghue[32], as well as to a some degree by f(R) and f(R, T ) gravity theories[33, 34] (see
also Refs. in the quoted papers).
Inspired by this approach we consider here a specific parametrization of Λ(H) with c0 =
Λ0, c2 ≈ 0 (this choice for c2 is supported by observations) and c4 = 3/H2I , where HI is an
inflationary scale and the factor of 3 is only for mathematical convenience. Thus, neglecting
all higher power terms we adopt the following decaying Λ-term:
Λ(H) = Λ0 + 3
H4
H2I
. (7)
The advantage of this parametrization of the running vacuum model is that it evolves natu-
rally to the current Λ0CDM for H ≪ HI . The evolution equation for the Hubble parameter
reads (see references[25, 26, 28] for a more general case):
H˙ +
3
2
(1 + ω)H2
[
1−
(
H
HI
)2]
− (1 + ω)
2
Λ0 = 0 , (8)
where a dot means time derivative and ω ≡ p/ρ is the equation of state parameter (EoS).
At early times, the Λ0 term above is negligible and H˙ = 0 at H = HI . This means that
the Universe began its evolution from an unstable, non-singular de Sitter inflationary state.
The analytical solution to (8) for a radiation fluid (ω = 1
3
) and Λ0 ≪ H2 is:
H(a) =
HI√
1 + (a/aend)4
, (9)
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where aend is the scale factor when ρΛ = ρrad, which coincides with the end of inflation
[ a¨ = 0 and H(aend) ≡ Hend = HI/
√
2 ]. Therefore, for a ≪ aend, we find H = HI as
expected for an early de Sitter phase, while for a≫ aend, the model evolves smoothly to the
standard radiation phase [ a(t) ∝ t1/2 ]. After radiation-matter equality, the model becomes
dominated by cold dark matter (ω = 0), and since Λ0 is different from zero, the model
approaches the current Λ0CDM cosmology.
The minimal scenario outlined above is free of an initial singularity, and, thus, has no
horizon problem. Its smooth transition from an early de Sitter to the radiation phase pro-
vides a parametrization to a “graceful” exit from the initial inflationary stage. In this case,
the temperature evolution and the increasing entropy can also be analytically determined.
The entropy of the effectively massless particles is initially zero in the de Sitter stage, but in-
creases continuously reaching the equilibrium value in the radiation adiabatic phase (Λ˙ = 0).
It has been proved[27] that such running vacuum cosmology also generates the amount of
entropy within the current Hubble radius, S0 ∼ 1088 (in natural units).
III. BARYON ASYMMETRY IN A RUNNING VACUUM MODEL
Let us now discuss the matter-antimatter asymmetry in the framework of this running
vacuum cosmology. As we shall see, the model provides an acceptable baryon asymmetry
(B-asymmetry for short), and the same physical ingredient (running vacuum) may also shed
some light on the coincidence and cosmological problems.
The B-asymmetry is characterized by the dimensionless η-parameter[35]:
5.7× 10−10 < η ≡ nB − nB¯
s
< 6.7× 10−10 , (10)
where nB, nB¯ are the number densities of baryons (anti)-baryons, respectively, and s is the
present day radiation entropy density.
To generate the B-asymmetry we adopt a new approach based on the derivative coupling
between the baryon current JµB and the running vacuum whose action reads[10]:
A = 1
M2Λ
∫
d4x
√−g(∂µΛ)JµB , (11)
where MΛ is an unknown cut-off mass scale of the effective running vacuum theory. From
this coupling one can define an effective chemical potential for a species i of baryons/anti-
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baryons and the resulting η as:
µi = ± Λ˙
M2Λ
→ η = nB
s
≈ − Λ˙
M2ΛT
∣∣∣
T=TD
. (12)
The ± in µi is the charge of the baryons/anti-baryons, respectively (particles have
baryon/anti-baryon number of ±1). In the expression for η we have approximated,
15gb/4pi
2g∗ ∼ O(1), where gb counts all possible baryonic degrees of freedom and g∗ counts
all the massless degrees of freedom. Note also that both Λ˙ and the temperature, T , must
be evaluated when the B-violation operator decouples (i.e. when H = HD, T = TD).
The amount of B-asymmetry is determined once TD = T (HD) and Λ˙(HD) are known. In
our model Λ˙ and the radiation temperature law (from ρr ∝ T 4r ) read [27]
Λ˙ = −24H3
(
H
HI
)2 [
1− H
2
H2I
]
and Tr(H) =
√
2Tend
(
H
HI
)1/2 [
1− H
2
H2I
] 1
4
, (13)
where Tend = T (Hend) ≃ 10− 14
√
MP lHI is the temperature at the end of inflation.
The primeval de Sitter stage (H = HI) is a particle / anti-particle symmetric spacetime
because η ≡ 0 since Λ˙(HI) = 0. After the de Sitter stage η initially increases as H decreases.
After η reaches its maximum value it asymptotically goes to zero again in the radiation FRW
phase (H ≪ HI). Hence the η value should be frozen to its observed value at some moment
(i.e. at the decoupling time) before the radiation era is reached. Note also that initially
there is no thermal bath [Tr(HI) ≡ 0], but the temperature increases very fast due to
running vacuum[27]. After its maximum value, the temperature decreases (Tr ∝ H1/2) as
the Universe enters in the standard radiation phase (H ≪ HI).
TABLE I: Baryogenesis prediction in running vacuum cosmologies. The values are in good agree-
ment with the current baryonic η-constraints and the inflationary scale, HI .
MΛ/MP l ≤ 1 HI/MP l ≤ 1 η
9.5 ×10−4 4.1 ×10−7 6.2 ×10−10
1.8 ×10−3 6.7 ×10−7 5.9 ×10−10
9.6 ×10−2 1.6 ×10−5 5.8 ×10−10
5.7 ×10−2 1.1 ×10−5 6.4 ×10−10
1.0 1.1 ×10−4 6.6 ×10−10
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The typical time scale of the B-asymmetry chemical potential from Eq. (12) is µBi/µ˙Bi =
|Λ˙/Λ¨|, and, as such, a quite accurate decoupling condition for RV models can be defined by
|Λ˙/Λ¨|−1H ≃ 1. A lengthy but straightforward calculation provides the value of the Hubble
parameter at the decoupling time 2, HD =
(
9
14
)1/2
HI , which can be inserted into (13) to
give Λ˙(HD) and TD = Trad(HD). Inserting these results into η from (12) gives
η ≈ 5.2
(
MΛ
MP l
)−2(
HI
MP l
)5/2
. (14)
In Table 1 we display the running vacuum predictions for selected values of the sub-
Planckian dimensionless ratios, MΛ/MP l and HI/MP l. These free parameters provide both
the observed baryon η-asymmetry and agreement with the inflationary scale[10, 35, 36] HI .
In principle there is no fine-tuning because these two physical constraints are satisfied for
different combinations of two free sub-Planckian parameters (MΛ, HI). We also stress that
the proposed baryogenesis mechanism does not require new ingredients since it is powered
by the same entity (the running vacuum) driving the evolution of the spacetime.
IV. CONCLUSIONS
Summarizing, in this work we have discussed the generation of the baryon asymmetry
in the context of a nonsingular running vacuum model where the time-dependent ΛH-term
evolves obeying the scaling law: Λ(H) = Λ0+3
H4
H2
I
, where HI is the scale of the inflationary
phase occurring in the early Universe. The model describes the entire cosmological history,
namely, from inflation to the current accelerating dark energy epoch powered by the present
day vacuum energy density (Λ0). In general lines, it can be seen as a kind of emergent
Universe because it is nonsingular and behaves in the infinity past (t→ −∞) as a stationary
spacetime (de Sitter phase). As should be expected, at late times it approaches the cosmic
concordance model.
As we have seen, the model is also able to generate the observed baryon asymmetry in
the Universe. In addition, it also shed some light on several other cosmological puzzles:
(i) avoiding the initial singularity (and therefore has no horizon problem); giving a smooth
2 The same result is also obtained via the decoupling of a 6-dimensional B-violating operator in a generic
GUT, L∆B = 1M2
X
ǫαβγǫab(u¯cγγ
µqβa)(d¯
c
αγµlb), where MX ∼ HI is the mass scale, and u, d, q, l stand for
up-quark, down-quark, quark and lepton respectively.
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exit from inflation to the radiation phase; (iii) as shown in reference[27] generating all the
observed entropy from a primeval nonsingular de Sitter stage. Note also that for H ≪ HI ,
all successes of the Λ0CDM cosmology are also preserved. The upshot is a unified vacuum
picture, spanning the entire history of the universe (from an early de Sitter stage to a
very late time de Sitter cosmology) thereby evolving naturally through the current Λ0CDM
cosmology. It is also interesting that given the high values ofHI on Table 1, one may see that
the ratio ΛI/Λ0 ∼ (HI/H0)2 is also in agreement with the so-called cosmological constant
problem.
Finally, it is worth mentioning that the new line of inquire presented here for some open
cosmological questions is not an exclusive characteristic of this phenomenological variable
Λ(H) models evolving from de Sitter to de Sitter. Actually, at the the background level such
models can be mimicked by “adiabatic”particle creation cosmologies [37, 38]. This happens
when the gravitationally induced particle production rate Γ(t) = 3HΛ(t)/ρ. The dynamical
equivalence with the concordance model has already been discussed in a series of paper[39–
42]. Actually, this reduction of the dark sector may simulate the Λ(t) model discussed here
both at the background and for constant Λ0 also in perturbative level[43–45]. Studies for
the general case are in progress, but such alternatives to vacuum decay cosmologies are by
construction unable to shed some light on the cosmological constant problem.
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